Abstract Paper has been proposed as an alternative substrate material for graphene-based strain gauges due to its high flexibility and accessibility when compared to the conventional substrates such as polymer that is not only rigid but also not recyclable. In the fabrication of graphene-based strain gauges on paper, inkjet printing is commonly used as the main deposition method of graphene on paper as this process allows a systematic control of strain gauge resistance by manipulating several factors such as print passes and drop spacing. However, the availability of inkjet printers that allows the printing of graphene solution is an issue as industrial inkjet printers can be obtained only at a premium price while modification of commercial inkjet printers is a must to replace the original ink with graphene ink. To counter this issue, a commercial photo paper has been used for the first time as a substrate during vacuum filtration of graphene solution for layer-layer assembly of strain gauges on paper. With the resulting gauge factor of up to 83 at the maximum and minimum strain of 1.4% and 0.03% (sensitivity of 1.25%) respectively, the fabricated strain gauge from photo paper shows the potential of paper to be used as a component in the future wearable device. Meanwhile, the advantages of using vacuum filtration as the selected technique for the deposition of graphene meanwhile are demonstrated in this work by varying the gauge factor through controlling the graphene deposition volume. 
Introduction
Graphene is a two-dimensional nanomaterial with a defined layer of thickness which is precisely between a monolayer to ten layers of carbon-carbon honeycomb network. Due to its excellent mechanical modulus (Papageorgiou et al. 2017 ) and electrical conductivity (Bøggild et al. 2017; Ozdemir et al. 2015) , the potential of graphene as a material in the development of future strain sensor technology has frequently been investigated in a plethora of existing literature (Chun et al. 2017; Tao et al. 2017a; Yang et al. 2017) . By using the piezoresistive principle, the change of strain (e) in the gauges is converted into the change in resistance (DR = R S -R 0 ) and the sensitivity (S) of one fabricated graphene-based strain sensor can be measured directly from the product of gauge factor (GF) and strain (GF 9 e = DR). The value of GF is mainly dependent on the selected gauge material, preparation method and substrate type (Boland et al. 2018; Casiraghi et al. 2018; Overgaard et al. 2017) .
In the development of graphene-based strain gauges, chemical vapor disposition has always been the primary strategy for the synthesis of the required graphene film (Cai et al. 2017; Chun et al. 2017; Yokaribas et al. 2017) . When using this route, the etching of graphene film from one substrate must be precisely executed as the thin nature of graphene film is easily influenced by the presence of accidental scratches or excess substrate residue. In another approach, liquid-phase exfoliated graphene is used as an additive in the solution casting of polymer for the fabrication of graphene/polymer composite based gauge (Boland et al. 2016; Liu et al. 2017a ). The dispersion of graphene at certain percolation thresholds allows maximum electrical conductivity enhancement of graphene/polymer composite. The disadvantage of this strategy, however, is the high quantity of graphene required to improve the electrical conductivity of polymer, which is a natural insulator.
Therefore, direct fabrication of graphene on the gauges is preferable as the volume of graphene solution can be easily controlled to manipulate graphene film thickness on the substrate. The use of existing conventional methods such as screen printing (Hyun et al. 2015; Overgaard et al. 2017) , spray coating (Chun et al. 2017) , and inkjet printing (Casiraghi et al. 2018; Correia et al. 2013 ) allow the deposition of graphene film on the polymer or paper surface with minimal processing challenges. However, the utilization of spray coating or screen printing requires the addition of a stencil mask on the substrate as excessively deposited graphene around the mask would be considered as unrecoverable waste. For inkjet printing of graphene, the premium cost of an industrial inkjet printer (Retief et al. 2018) , unfortunately, limits the potential of this approach and heavy modification of commercial inkjet printers is a must to allow replacement of original ink with graphene ink. Moreover, the risk of nozzle clogging due to the incompatibility of graphene flake size with the manufactured original ink particle size is also considered as one of the weakness of inkjet printing of graphene.
In this work, a new method for the deposition of graphene solution on paper for the fabrication of graphene-based strain gauges has been proposed. Direct deposition of graphene on paper is made possible through the application of photo paper, for the first time, as the substrate during vacuum filtration. Impressively, a complete coating of few-layer graphene on paper can be simply achieved from a single cycle of filtration on photo paper whereas, multiple filtration cycles is required for filter paper due to largesized pores of the paper. The developed method allows layer-layer assembly of graphene flakes on paper for an easy preparation of strong (r = 25 MPa) and sensitive graphene-based strain gauge (GF = 83). Unlike the previous reported works (Park et al. 2012; Song et al. 2017) where pores in membrane (\ 0.2 lm) are responsible for the formation of graphene film on the substrate surface, the role of pores for passing through water while simultaneously retaining the graphene flakes on the substrate have been strategically replaced by microcracks in photo paper. It is discovered that the strength and sensitivity of strain gauge from photo paper has been depicted to be superior when compared to that of the graphenecellulose paper (Weng et al. 2011) although the difference in the graphene concentration used is not large (0.44 mg/ml against 0.2 mg/ml). It is also observed that the strain resistance of the developed strain gauges in this work is even higher than that of the freestanding reduced graphene oxide paper (Park et al. 2012) . Meanwhile, the high sensitivity of graphene strain gauges in the work has been demonstrated from the detection of rubber band mass by cantilever-graphene gauges setup. The slight change in resistance (DR/R = 1.25%) from the presence of a rubber band with a mass of 330 mg or equivalent to 15 cellar spiders (* 20 mg) (Boland et al. 2016) shows the excellent sensitivity of fabricated graphene gauges by layer-layer assembly on photo paper. It is therefore suggested that the reported deposition method in this work would be useful for the preparation of strong and strain sensitive paper-based sensor, which potentially may be applicable for next-generation wearable health monitoring device (Liu et al. 2017c; Yang et al. 2018) , subtle and strong motion detector (Tao et al. 2017b; Wang et al. 2014 ) and electronic artificial skin (Tian et al. 2014 ).
Methods

Graphene ink preparation
Few-layer graphene flakes were produced from the exfoliation of graphite (? 100 meshes, Sigma Aldrich) in black tea (TeaBoh) using a kitchen mixer (Philips, 400 W). Initially, a 300 ml solution of black tea was prepared from 2 g of tea leaves with a brewing time of 1 h at 100°C. A 5.0 g of graphite was mixed in black tea for 15 min at a high-speed setting with a pause interval of 5 min in between each cycle to allow mixer motor air-cooling. After 8 h of total operation, the resulting graphene solution (30 ml) was subjected to centrifugation (Eppendorf) at 3000 rpm (11579g) for separation of few-layer graphene from unexfoliated graphite. The obtained graphene solution was then washed further using multiple centrifugation stages with a speed of 11,000 rpm (15,5579g) for a complete removal of unbound black tea residue from the flakes.
Characterization
Using the Lambert-Beers law, the concentration of graphene in 1 ml solution was determined from the spectrum absorbance at 660 nm with an absorption coefficient (a) of graphene in this work has been previously computed as 1000 mg -1 ml -1 m. Multiple evaluations of UV spectrum for graphene solution was performed using Shimadzu UV-1800 with a measurement range between 200 and 800 nm. Meanwhile, the transmission electron microscopy imaging of graphene flakes was conducted using FEI Technai with a selection of copper grid (* 300 meshes) as the substrate for 0.5 ml deposited graphene. For Raman spectroscopy characterization of graphene, the data was obtained from Witec Alpha 300R with laser excitation wavelength set at 532 nm and the grating used was 600 g/mm. The scanning region size was 10 9 10 lm, and a graphene film was used as the sample with five measurement spots. In this work, a commercial glossy photo paper (KAMI, CP Stationery) that can support a resolution of up to 5760 dpi was obtained from a regular stationery store. Sheet resistance measurements at a different value of strains have been performed for every sample with the assistance of two-probe multimeter (Victor 86B) equipped with USB interface for data recording on PC. For the investigation of static load influence on the strain sensitivity of the fabricated strain gauge, a set of vials with different diameters (1.5, 2.0, 2.5, 3.0 and 3.5 cm) were used to simulate curvature strain on the gauges.
Results and discussion
Initial characterization of graphene
The concentration of graphene (C G ) in this work was estimated using the Lambert-Beers law. Using the previously published absorption coefficient for black tea functionalized graphene (Ismail et al. 2017b ), the C G was computed at 0.44 mg/ml after considering the used dilution factor of 20. As shown in Fig. 1a , the maximum local peak for UV spectrum at 270 nm can be taken as an early indicator for the presence of graphene besides black color of the solution. Meanwhile, the inset image presents the resulting vacuum filtered graphene on photo paper, which acts as the substrate. The dimension of the prepared photo paper was similar to a typical Nylon filter membrane size with a diameter value of 40 mm.
At lower magnification of graphene flakes imaging by transmission electron microscopy (TEM), it could be approximated that the length of majority of the graphene flakes are measured at * 200 nm (see Fig. 1b ). The characteristic of exfoliated graphene can be further investigated at a higher magnification of TEM imaging, and as presented in Fig. 1c , the flat surface of graphene flakes indicates negligible presence of defect on the flakes (Pan et al. 2017 ) with several folded flakes, which were due to the effect of shear mixing dynamic (Ismail et al. 2017a; Varrla et al. 2014 ). To verify above mentioned observations, Raman spectroscopy measurements were conducted for both graphene and graphite. As shown in Fig. 1d , the value of I D /I G for the produced graphene is well below 1.0, which proved the lack of basal plane defect for the obtained graphene flakes (Childres et al. 2013 ).
Fabrication of paper-based graphene strain gauges
In this work, vacuum filtration of graphene solution on photo paper substrate has been used to prepare graphene-based strain gauges with a different value of sheet resistance (R S ). Like a typical filter membrane, layer-layer assembly of graphene on the photo paper is possible by using selective filtration mechanism, where only water is allowed to pass through the filter while graphene flakes are retained. However, while the filtration of graphene suspension is normally performed using a membrane with micron sized pores (0.2 lm), the filtration step in this work was possible due to the effect of microcracks present on the photo paper surface. The existence of microcracks is crucial for the filtration mechanism as the small-sized cracks prevent the suspended graphene flakes from passing through the paper. It is worth to report that during the filtration stage, there were no color changes of the filtrated water, which interestingly indicates the excellent capability of photo paper as a hydrophilic filter membrane for exfoliated graphene. To the author's best knowledge, this is the first report on the application of photo paper as a filtering substrate for graphene solution and in the fabrication method of graphene-based strain gauges. When comparing the efficiency of the proposed method for the preparation of graphene film against the previous work (Weng et al. 2011) , the application of photo paper as a substrate during the preparation of graphene film would only require a single filtration cycle for paper coating, while multiple filtration cycles are required for cellulose paper due to the possibility of graphene flakes escaping through large-sized pores ([ 10 lm).
As shown in Fig. 2 , a vaccuum filtration of graphene solution is required for the preparation of graphenebased photo paper prior to the fabrication of strain gauges by silver ink and copper tape.
Surface morphology
To investigate the effect of graphene volume on the surface quality of photo paper (original, 5 and 15 ml), the morphological characteristics for each graphene/paper produced were evaluated using an optical microscope and scanning emission microscope (SEM). In Fig. 3a , the image of the original photo paper shows the presence of microcracks across the surface, which is used for the filtration mechanism of graphene solution using photo paper. At a higher magnification of SEM (see Fig. 3b ), it is evident that the size of microcracks varied across the surface with the range being 0.45 to 0.9 lm.
When using 5 ml graphene (see Fig. 3b ), the presence of deposited graphene is not sufficient to cover the entire surface area of the paper (710 mm 2 ) as the formation of multiple free-graphene regions are visibly evident. Despite poor formation of graphene region on the photo paper, it has been discovered that the majority of microcracks have been covered by a graphene path-network (see Fig. 3d ). To explain this observation, it is suggested that large and heavy .Similar to the centrifugation effect, the coverage rate of large graphene for microcracks is faster compared to that of paper surface as smaller graphene flakes require more volume to cover one spot. As shown in Fig. 3d , f, it was only after the increase of graphene deposition volume to 15 ml that the formation of a film on the substrate covered not only the whole area but was also almost surface-independent of the used substrate. The voids between the graphene path-network have been completely filled by graphene flakes and the numbers of tunnel like structure have been reduced significantly. As reported previously (Jiang et al. 2016) , the quantity of graphene flakes on the paper is vital for better percolation path and to prevent the additional formation of microcracks that can affect the electrical conductivity of constructed strain gauges during the folding stage. It is noticed however that both samples at 5 and 15 ml of deposition volume demonstrate the presence of cracks in the presented optical images, which is presumed to be caused by a drying event, as the crack spacing scales with the film thickness (volume dependent) to the power of 0.8 (Lee and Routh 2004; Prosser et al. 2012 ).
In Fig. 4a , the formation of graphene coating on the substrate shows that graphene flakes have been deposited only on the surface due to small size of microcracks. The cross-section image of the original photo paper shows the existence of two-layer surface, which are corresponding to the glossy film and paper (see Fig. 4b ). After the deposition of graphene volume, the presence of graphene coating is detected on the top of the substrate in addition to glossy film and paper (Fig. 4c) .
Mechanical performance
To verify whether the R S of fabricated graphene strain gauges are still correlate well with the proposed Pouillet's law (R = qL/A with q: electrical resistivity), the resistance performance of graphene gauges at different length, L and fixed width, w (10 mm) were investigated.
As the cross-sectional area, A of the fabricated strain gauges in this work is always fixed in value due to the constant dimension of w, it is suggested that the change of R S for each strain gauge is highly dependent on the individual L (Do and Visell 2017; Jiang et al. 2016) . As it can be seen from Fig. 5a , for every set of deposition volumes, the resulting plot for R S is linearly represented as a function of L and is strongly correlated with Pouillet's law. Theoretically, better tunneling effect from a larger deposition volume of graphene can lead to rapid increase of electrical conductivity (Hempel et al. 2012) , and thus the decrease of sheet resistance at a higher graphene volume is indicating the concentration effect of conductive few-layer graphene (1.32 mg/ml vs 0.44 mg/ml). In Fig. 5b , the graphene gauge demonstrates a 42% improvement in tensile strength value (25 MPa) as compared to that of the original photo paper (15 MPa). Meanwhile, the reduction of strain resistance (2% against 3.5% of photo paper) is attributable to the strong network path of graphene flakes from layerlayer assembly mechanism. It is noted that the tensile strength of graphene-photo paper is significantly higher than that of graphene-cellulose paper (9 MPa) (Weng et al. 2011) or free-standing reduced graphene paper (22.41 MPa) (Song et al. 2017) . To test the robustness of the fabricated graphene strain gauges, each sample was subjected to 100 bending cycles at the folding angle of 180°(complete fold) with R S measurement taken every ten cycles. In Fig. 5c , the lack of graphene presence on the substrate is proven to influence the durability of strain gauges as the significant increase of R S at increasing cycles for 5 ml deposited sample is contradicting to the trend presented for 10 and 15 ml of deposited samples. Interestingly, both strain gauge from 10 and 15 ml of graphene solution was shown to have a quasi-similar durability performance with almost constant R S recorded throughout 60 bending cycles. It is suggested Fig. 3 Surface imaging of strain gauge under optical microscope and SEM. Images a and b were from original photo paper. c and d were prepared from 5 ml volume of graphene solution while e and f were obtained from 15 ml volume that the minimum deposition volume of graphene for fabrication of functional strain gauge in this work must be beyond 10 ml of graphene solution with 0.44 mg/ ml concentration.
For the investigation of strain gauge performance against variable strains (0.6% to 1.4% e), the values of R S for 5, 10 and 10 ml corresponding gauge were plotted as a function of strain and presented in Fig. 5d . As reported previously (Bessonov et al. 2014) , the subjected strain (e) on a gauge can be computed merely by considering e as the ratio of substrate thickness, (t) and bending diameter (D). In this paper, the value of t was taken as 210 lm with bending diameter D taken between 1.5 and 3.5 cm. From the plotted data, it is clear that the increase of graphene deposition volume to 15 ml on the substrate would lead to a smaller value of R S , which directly result in the enhanced sensitivity (DR/R S ) of almost 120% at the maximum strain of 1.4% (see Fig. 5e ).
Meanwhile, the lack of graphene presence on substrate was observed to hinder the strain gauge performance with the measured sensitivity of 40% at the similar subjected strain. This observation is consistent with the previously reported works (Casiraghi et al. 2018; Hempel et al. 2012) , which implies that the sensitivity of paper-based strain gauge is strongly influenced by the number of overlapped graphene flakes on the substrate. From the previous surface imaging of fabricated gauge in this work, the increase of graphene coverage area is well correlated with the number of deposited graphene flakes. In particular, vacuum filtration of graphene solution tends to result in the formation of turbostratic and parallelly-aligned graphene flakes on a substrate (Backes et al. 2016 ). This layer-layer assembly of flakes is used to form a percolated bridge network that connects with each other well and provides efficient electronic path transport for excellent electrical conductivity in the fabricated strain gauge.
The resulting GF for strain gauge from 15 ml of the deposited volume is 83 which interestingly is not far from the published GF range value for inkjet printed paper-based gauge (Casiraghi et al. 2018) . Whereas, the GF for gauge is only measured at 50 for 5 ml sample. This observation strongly indicates the effect of graphene flakes distribution pattern on the used substrate as the GF value for fabricated device can be remarkably controlled by the deposition method as well as from the volume of graphene. In Table 1 , a summary of literature data for paper-based strain gauges is presented for an overview of the deposition method and GF value.
Dynamic response
To identify the effect of graphene volume on gauge performance when it is subjected to multiple dynamic load cycle, a simple paper-based electronic device was developed to accommodate the presence of the produced graphene gauge among bulky electronic components (see Fig. 6a ). This gauge was initially set at 0°(horizontal) and later bent at a 90°angle for the initiation of a positive strain on the inverted position graphene paper (1 cm 9 1 cm) in a specific duration time.
As shown in Fig. 6b , the dimmed red LED reflects the effect of R S magnification after the increase in applied strain on the gauge paper (Casiraghi et al. 2018) . A good correlation between gauge sensitivity values for static and dynamic system indicates that the applied load range for a dynamic response study was quasi-similar to that of the previous static bending test. Particularly, it is clear from Fig. 6c-e , that the resulting strain data as a function of time (t) for each gauge was almost constant with the minor presence of fluctuated points mainly due to the irregular motion of hand during manual bending of the constructed paperbased device. It is also noticed that the gauge sensitivity for 10 ml and 15 ml deposition volume is almost similar in value (* 90%) whereas for 5 ml sample, the sensitivity is only 25% at the best.
To compare with these strain data, the effect of bending action for an index finger from its normal position is also presented as sensitivity over time data in Fig. 7 .
For this study, a gauge from 10 ml of deposition volume was attached at the position between proximal and middle phalanx. It is noticed that the gauge data at the maximum strain points are more irregular and are randomly distributed from the bending motion of finger as compared to that from the paper-based device. Rather than highlighting this particular observation as the weakness of the constructed strain gauges, it is suggested that the resulting fluctuations are more possibly caused by the high sensitivity of the gauge itself in detecting a presence of minor strain from the subtle vibration of the stationary bent index finger. To verify this claim, a paper-based cantilevergauges setup to resemble the bending action of a finger was assembled for sensitivity measurement of the graphene gauges (see Fig. 7b ). In this design, multiple rubber bands were used to initiate the bending with the resulting minor strain after gradual increase of load being detected from the change in R s . As shown in Fig. 7c , the sensitivity of graphene-gauges (DR S /R 0 ) is increasing proportionally to the mass value with a minimum sensitivity of 1.25% (0.03% strain). It is noted that even at the smallest mass (330 mg), the produced graphene gauges in this work is impressively still able to detect the resulting strain which is consistent with the presented GF of 83 in this study. This explains the presence of data fluctuations during sensitivity measurement of the bending action of the finger, as slight strain from the stationary index finger may trigger a response from gauges.
Conclusion
In conclusion, it has been proven that the layer-layer assembly of graphene flakes for fabrication of paperbased gauges with gauge factor of 83 (at the smallest strain of 0.03% and sensitivity of 1.25%) is possible from the application of photo paper as the substrate during vacuum filtration. By using this novel deposition strategy of graphene, the orientation of suspended graphene in solution can be manipulated to form a parallelly-aligned arrangement with in-contact and overlapped flakes assisting the electrical conductivity enhancement of the paper gauge. In the practical application, however, it is noted that the sheet resistance values of gauge can vary significantly even at the stationary finger position because of the high sensitivity of graphene to strain. As this reported work is still preliminary, it is believed that further investigation and optimization on this gauge may rectify this issue as well as lead to the fabrication of paper gauges with better gauge factor value in the future. Fig. 7 a Sensitivity of a paper-based strain gauges when it is subjected to the bending action of an index finger. b Schematic drawing of cantilever-graphene gauge setup and c sensitivity of gauge after loading effect. Inset: Photograph of cantilever-gauge setup with rubber bands
